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Abstract: AZ91 is one of the most broadly used Mg alloys because of its good castability and
reasonable mechanical properties. Strengthening AZ91 with carbon short fibers aims to increase
tensile and fatigue strength, creep, and wear resistance. One of the proposed applications of reinforced
AZ91 is the production of pistons for trucks. Such reciprocating parts are subjected to alternating
fatigue loads which can lead to fatigue failure. In this respect, studying the tensile and fatigue
behavior of materials subjected to such loading conditions is of great interest. The alternating low-
cycle fatigue (LCF) and high-cycle fatigue (HCF) of unreinforced AZ91 and carbon fiber-reinforced
AZ91 (AZ91-C) were investigated at 20 °C and 250 °C. Tensile tests were carried out at the same
testing temperature to find the appropriate fatigue testing stress and strain for stress-controlled and
strain-controlled tests, respectively. The fatigue curves of stress against the number of cycles (S-N)
revealed that the composite AZ91-C’s fatigue strength was 55 MPa under HCF, while that of the

matrix alloy AZ91 was only 37 MPa at 250 °C. Fracture investigations were conducted on the broken

check for

paates test samples. The fracture approach in the matrix material (AZ91) is mixed ductile/brittle containing

fatigue serration, fiber fracture, and separation in the reinforced material (AZ91-C).
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1. Introduction

The rapid development of technology today demands an increase in the quality
of the products made. This is not only focused on attractive design but also on how

the weight of the product can be reduced, thus leading to economic benefits and so on.
For example, in the automotive and transportation sectors, weight reduction in parts or
components leads to considerable fuel savings and environmental protection by lowering
CO, emissions [1]. Over several decades, the production of parts in the automotive
industry has been dominated by high-strength steels and aluminum alloys, but recently
the application of magnesium alloys has received a lot of attention from practitioners
and engineers worldwide [2]. It has been generally known that magnesium in its pure
form is the most plentiful metal but has low mechanical properties, making its use in
structural applications unlikely [3]. Different magnesium alloys can aid weight reduction
more significantly than existing steels and aluminum, owing to their low density [4]. In
addition, they have outstanding specific strength (strength to density ratio), favorable
machinability, castability [5,6], damping capacity, and dimensional stability [7], which
are advantages. In contrast to their advantages, magnesium alloys have a relatively low
modulus of elasticity [8], poor corrosion resistance due to magnesium’s high reactivity [9],
and low mechanical strength and wear resistance, thus making them limited in scope for
40/). use in structural and friction-resistant applications [10].
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The good castability of magnesium alloys makes them much more suitable for manu-
facturing complex parts with high precision, thus reducing machining costs, which should
be seriously considered. Accordingly, some varieties of magnesium alloys have been ex-
tensively employed by automotive manufacturers [11]. Although the efforts to improve
the properties and strength of the AZ91 alloy have been vigorous, the outcomes are still
far from satisfactory. Therefore, it is imperative to conduct intensive research to attain
better mechanical properties for the AZ91 alloy, especially the elastic modulus, creep re-
sistance [12,13], and fatigue strength [14,15]. Furthermore, automotive components or
parts in particular are subjected to periodic cyclic loading, which induces their failure
during service [16,17]. This means that the fatigue properties of AZ91 alloys also need
more attention to meet the criteria that are necessary in the rapidly growing automotive
industry. There have been several experiments conducted to analyze the fatigue behavior
of the AZ91 alloy [18,19], either at low-cycle fatigue or high-cycle fatigue, but there is still a
need to upgrade it accordingly to enable products made from magnesium alloys that are
truly suitable for future use. Rettberg et al. [20] performed reasonable investigations of
the low-cycle fatigue behavior of AM60 and AZ91 alloys. The results showed that AM60
had higher ductility and, hence, a higher increase in fatigue life than AZ91 at higher strain
amplitudes. At the lowest strain of 0.2 percent, AZ91 was more susceptible to pore position
and size initiation than AM60, ultimately impacting its fatigue life. The fatigue behavior of
the as-cast AZ91 alloy was reported in [21,22], where the S-N curve results revealed that
the region with a high number of cycles to failure was still relatively low, and the fatigue
limit range was between 60 and 85 MPa. Meanwhile, the effect of the ECAP process on the
fatigue behavior of the AZ91 alloy was investigated [23], and it was found that the effect
of the ECAP was not so evident, where the amplitude stresses of the AZ91 alloy as-cast
and the AZ91 alloy as-ECAP were 80 MPa and 85 MPa, respectively, at an endurance limit
based on 107 cycles. That means that in the high-cycle fatigue range there is not much of an
effect, even though the AZ91 alloy has been subjected to the ECAP process. In contrast,
in the low-cycle fatigue region, the fatigue life considerably increases. By reviewing the
existing results, it was determined that the fatigue behavior of the AZ91 alloy needs to be
increased for future improvements since it is still relatively low.

An approach that has been undertaken as a solution for improving fatigue behavior
is to transform the form of the magnesium materials from alloys to composites. Previous
studies have reported that the incorporation of reinforcement materials has significantly
improved the characteristics of reinforced Mg materials, involving mechanical strength [24],
tribological behavior [25], and the modulus of elasticity [26,27]. Among the reinforcement
materials that have been incorporated into the AZ91 magnesium alloy are carbon fibers [12],
carbon nanotubes [28], alumina [29], tungsten disulfides [30], metal carbides SiC [31,32],
and titanium diboride [33]. In terms of the fatigue behavior of magnesium composites,
the incorporation of SiCp has been proven to improve their fatigue performance when
compared to monolithic AZ91D [34]. Regarding AZ91 composites reinforced with short
alumina fibers, it has been stated [35] that reinforcing the AZ91 alloy with a 0.25 volume
fraction is effective in increasing its fatigue strength up to 85%. This increment can be
understood as a better fatigue crack initiation resistance for the AZ91 composite as com-
pared to the AZ91 alloy. A previous study addressing the LCF and HCF characteristics of a
23 vol% carbon fiber-reinforced AE42 Mg alloy identified that there was a two-fold increase
in fatigue strength once its fatigue life reached 107 cycles at 250 °C, from initially 25 MPa to
52.7 MPa [17]. This result motivates the study of reinforced AZ91-C under fatigue loading.

In the present study, a short carbon fiber-reinforced AZ91 alloy was used since it has
been found that incorporating short carbon fibers is an appropriate method for improving
the hardness, strength, and wear characteristics of the matrix alloy AZ91 [36,37]. In addition,
based on the results in the literature, there is still a research deficiency specifically on the
behavior of the short carbon fiber-reinforced AZ91 alloy under cyclic loading, making it
crucial and engaging for further investigation. Therefore, the goal of this research is to
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evaluate the behavior of the reinforced AZ91 alloy with highly fractionated short carbon
fibers both under low-cyclic fatigue and high-cyclic fatigue at different temperatures.

2. Experimental Details

The main materials used were an AZ91 magnesium alloy and its composites. The
reinforcing material used was a short carbon fiber with a high volume fraction. The
specifications of the carbon fibers used in this study were approximately 100 um in length
with a diameter of approximately 7 um and a volume fraction (v¢) of 0.23, which were quasi-
isotropically dispersed within the AZ91 alloy matrix. The detailed chemical composition of
the AZ91 alloy was Mg-9.05 Al, 0.88 Zn, 0.05 Si, 0.28 Mn, 0.001 Ni, and 0.004 Fe (wt%).

The matrix alloy and the carbon fiber-reinforced composite were produced using the
squeeze casting process. A preform of short carbon fibers was prepared and preheated to
400 °C, and the matrix was superheated up to 730 °C to ensure well filling and fiber /matrix
wetting upon squeezing the melt into the preform. The materials were cast into truck
pistons and samples were machined from these piston blocks. A more detailed description
of the production, characterization, and evaluation of these materials is reported in [1,2].
Figure 1 shows a graphical flow chart containing the main preparation and testing steps.
The test samples were machined to be loaded in parallel to the strengthened plane. In the
current study, fatigue testing was conducted at three different temperatures, namely 20,
150, and 250 °C, on the unreinforced and reinforced magnesium alloy AZ91.

1- Preform short carbon fibers) 2- Melt (Mg-9Al. 1Zn)

3- Squeeze
casting

4- Sections in selectively reinforced truck piston

!

Figure 1. Cont.
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5- Machining of tensile specimens

6- Machining of fatigue specimens
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Figure 1. Flow chart with images showing the main sequence for conducting the investiga-
tion method.

The microstructures of the cast matrix alloy AZ91 and the composite AZ91-C were
investigated using optical microscopy. Samples were molded for classical mechanical
grinding and polishing. The polished specimens were prepared for optical microscopy
by etching with 2% Nital and applying an etching time of 15 s. The light microscope
Leica DM4000M (Leica Microsystems GmbH, Wetzlar, Germany) was used. The hardness
of the studied materials was measured using a low-load Vickers hardness tester of Type
HWDV-7S (TTS Unlimited, Osaka, Japan) with a load of 2 N for a dwell time of 15s. An
average Vickers hardness value of 10 indentations was calculated.

Samples of both tensile and alternating fatigue (R = —1) were examined in this study.
Specifically, the tensile samples were prepared in a standard small-size sample according
to ASTM E8 [24], while the fatigue samples were prepared following the ASTM E466
standard [25,26]. Two tensile test samples were tested for each temperature. The quasi-
static tensile and cyclic tests were performed using a universal servo-hydraulic testing
machine of MTS 810 (MTS Systems Corporation, Eden Prairie, MN, USA). The machine
had a maximum capacity of 100 kN and a high rate of displacement of 100 mm/sec. This
machine was fitted with a heating furnace that could be heated up to an upper temperature
of 800 °C. Room temperature strain was measured with an extensometer that had an
accuracy of 0.5 pm and a maximum displacement of 10 mm. For high-temperature testing,
the extensometer used had the following criteria: it was equipped with an inductive rod
and had a sensitivity of 1 pm and an upper displacement of 40 mm. The utilization of
this extensometer was set at the strain-controlled LCF interval. The fatigue tests were
performed at a frequency of 0.5 Hz with alternating strain control in the LCF interval of
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N < 10* cycles, while the HCF interval was N > 10 cycles. Concurrently, stress-controlled
examinations were carried out at a frequency and load cycles of 50 Hz and 2 x 107,
respectively. The applied ratio of alternating strain and stress in all tests was R = —1
(minimum stress/maximum stress). The fatigue tests were performed until the sample was
broken or stopped after exceeding a fatigue limit of 107 cycles. To construct the S-N curves,
16 to 17 test samples were used at the different stresses. Fracture investigation was carried
out using a LEO Type 1450VP scanning electron microscope (SEM) with a voltage of 30 kV,
fitted with an Oxford Type EDS detector to determine their composition. The sequence of
the actions carried out in the study are systematically summarized as shown in Figure 1.

3. Results and Discussion
3.1. Microstructure and Hardness Measurement Results

AZ91 possesses some advantages in comparison to other types of magnesium alloys,
such as high strength, outstanding castability, and being notably less expensive. In contrast,
at temperatures greater than 140 °C, the creep resistance of AZ91 is poor [12]. This alloy has
been selected for application in the manufacture of pistons made of composite materials
after being reinforced with carbon fiber to improve strength and creep resistance. Figure 2
includes the casting microstructure structure of AZ91 and the reinforced AZ91-C. The
cast microstructure of the matrix alloy (Figure 2a) shows a massive dendrite structure,
which is observable primarily along the grain boundaries, especially at the grains’ triple
points. The quantitative grain size measurement indicates that the average grain size
is 53 £ 11 um. The grain boundaries, containing mainly a 3—phase of Mgj7(Al);, and
MgZn and the grain matrix, are composed of an x-Mg phase which contains the rest of the
alloying Al additive mixed with magnesium [38,39]. A large overview of the composite
material (AZ91-C) microstructure is presented in the as-polished section shown in Figure 2b.
The fibers are randomly distributed in the matrix material and the fiber length is mostly
laying on the reinforced plan. Figure 2c shows an optical image of etched samples, where
no grain boundaries were revealed. This could be related to the presence of the high
volume fraction of the fibers (V¢ = 0.23) which act as nucleating agents, giving no chance
to build the segregated structure at the grain boundaries. Some dispersed precipitates
of intermetallic compounds are revealed in the matrix area and others can be seen at the
fiber /matrix interface.

o T,
A, a4
: » w_ @
o5 e
X A0

Figure 2. Microstructure of the investigated materials; (a) matrix (AZ91) [39] and (b) overview as
polished composite (AZ91-C) [39] and (c) higher magnification for etched composite.

From the results obtained for the hardness test, the hardness of the unreinforced AZ91
was 69.2 + 2 Hv, while the hardness of the reinforced AZ91-C was 111.53 + 4 Hv. A
remarkable increase in the hardness value of the unreinforced AZ91 of about 61.17% was
found, owing to the influence of the short carbon fiber. Simultaneously, this proves that
carbon fibers are efficient for becoming a potential type of reinforcement. In addition, these
results are comparable to those obtained by other researchers [40,41]. It is worth mentioning
that the applied hardness tester is a Vickers macro-hardness tester, and the diagonal of
indentation ranged between 0.28 and 0.30 mm for the composites. The fiber diameter was
about 7 um. It means that the indentation diagonal of the composites is approximately
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equal to 40 times the fiber’s diameter. In other words, the hardness measurements of the
composite material are reliable.

3.2. Results of the Tensile Test

Figure 3 exhibits the stress—strain diagram of both unreinforced (AZ91) and reinforced
(AZ91-C) at temperatures varying from room temperature to 300 °C. Both AZ91 and AZ91-
C reveal a rapid increase in the flow stress during the initial stage of the deformation
process, as shown in Figure 3. This is identified by the increase in the flow stress from
200 MPa for the unreinforced AZ91 to 265 MPa for the reinforced AZ91, which is clearly
seen with a percentage of about 32.5% at 20 °C; this is the maximum stress achieved by
both materials. This increase in stress experienced in the reinforced AZ91 can be directly
understood as due to the addition of carbon fiber in the appropriate amount so that the
carbon fiber can function properly [42]. In addition, the observed enhancement can be
related to the onset of work hardening within the AZ91 alloy acting as the matrix, where
the accumulation of continuous dislocations and kinks can promote the increase in strength
of the reinforced AZ91 [43]. Another reason is the possibility of carbon fiber distribution
occurring at the grain boundaries in the AZ91 alloy matrix, where grain growth is inhibited,
allowing for the increased tensile stress of the reinforced AZ91 [44].

300 300
(@) AZ91 (b) AZ91-C
20 °C
150 °C

g 200} *° 200 250 °C
= 150 °C
e}
% 300 °C
2 250 °C
& 100 ﬁ\ 100

0 0

0 10 20 30 0 1 2 3

Strain, € (%) Strain, € (%)

Figure 3. Comparison of stress—strain diagram of (a) unreinforced AZ91 and (b) reinforced AZ91-C
at temperatures up to 300 °C.

Taking a further look, it is apparent that the tensile strength of both types of materials
clearly decreases with increasing testing temperature (Figure 3). However, in general, the
tensile strength of AZ91-C remains clearly higher than that of the unreinforced AZ91 at all
temperatures. This means that an increase in temperature can cause a softening effect in
both types of materials where dislocation rearrangement occurs, and concurrently, there is
also a progressive dismantlement of the dislocations [45]. The uniqueness of the tensile
test results seen in Figure 3 lies in the combination of opposing interactions in the tensile
strength behavior of both materials, namely work hardening and dynamic softening. This
indicates that temperature is an important factor that needs to be seriously considered
in the strengthening mechanisms of materials. Even though the incorporation of short
carbon fibers demonstrated the ability to enhance the tensile strength of reinforced AZ91 in
general, there is a noticeable side effect in that the reinforced AZ91-C appeared to be more
brittle and, thus, easily fractured during testing. This relates to its lower strain or ductility
values if compared with the unreinforced AZ91 alloy. The short carbon fiber-reinforced
AZ91 resulted in more limited plastic deformation at various temperatures.
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Figure 4 compares the results of tensile yield stress (0 2), ultimate tensile stress (oyTs),
and strain (¢) between the matrix alloy AZ91 and the composite material AZ91-C at varying
temperatures. The results presented are the average of the two tests, and the standard
error has been calculated and presented in Figure 4. Table 1 includes the average values
of the yield stress and the ultimate tensile strength for both the matrix alloy (AZ91) and
the composite material (AZ91-C) as well as the improvement (in percent) that occurred at
the different test temperatures. There is a noticeable improvement in the yield stress when
reinforcing with carbon fibers. A downward trend is evident in the yield stress and the
ultimate stress for both types of materials, but the reduction level in reinforced AZ91-C
is somewhat greater than that of unreinforced AZ91 with increasing temperature. A high
improvement in yield stress was attained at room temperature (~108%). With an increase
in the test temperature, the increase in the yield stress changed to 73% and 64% at 150 °C
and 250 °C, respectively. A lower improvement in the ultimate tensile strength was noticed,
where the increase in strength ranged between 30% and 64%.

300
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S 2 N
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2 S
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Figure 4. Tensile yield stress (0p2) (a), ultimate tensile strength (oyrs) (b), and strain of the unrein-
forced AZ91 and reinforced AZ91-C (c) at temperatures 20, 150, and 250 °C.
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Table 1. Improvement in tensile yield stress and ultimate tensile strength of AZ91 due to carbon short
fiber reinforcement at different test temperatures.

Yield Stress Ultimate Tensile Strength
Temperature AZ91 AZ91-C Inczease AZ91 AZ91-C InC£ease
(MPa) (MPa) (%) (MPa) (MPa) (%)
20°C 109 227 107.89 199 260 30.61
150 °C 99 171 72.21 174 240 38.58
250 °C 78 128 65.16 113 186 64.92

The variation in yield strength improvement with temperature can be explained in
light of the limited deformation range up to the yield stress of the composite. Moreover,
the carbon fibers can be considered rigid bodies, where the strain of the carbon fibers up
to fracture is very small (1.2-1.5%) [39]. At this deformation region, the contribution of
the realignment of the fibers to carrying the applied load is very limited. There are two
components that share the carrying of the applied stress: the matrix alloy (AZ91) which
is greatly affected by the temperature and the rigid fibers which are unaffected by the
temperature. Hence, the effect of temperature in the matrix material dominates the entire
behavior of the composite materials. With the development of the deformation process, the
fibers align with the applied load and contribute with the matrix in the deformation process,
thus showing an improvement with temperature opposite to what has been obtained in the
improvement of the yield stress.

The strengthening effect due to work hardening is more influential at low temperatures,
while at higher temperatures it promotes softening due to dynamic recrystallization [46].
Regarding strain, the percentage strain of unreinforced AZ91 is greater than that of rein-
forced AZ91-C. This confirms that the unreinforced AZ91 has great ductility, while the
reinforced AZ91-C is more brittle. However, one thing that needs to be highlighted is that
the ductility of both materials increases with increasing temperature. Even with a general
decrease in the materials’ strength given an increase in the test temperature, the percent
improvement in the composite’s ultimate tensile strength increases with the increasing
temperature. This indicates that the thermal stability of the reinforced materials (AZ91-C)
is much higher than that of the matrix AZ91 alloy. The increase in the percent improvement
of the ultimate tensile strength encourages the application of this composite material for
high-temperature uses. Of equal importance, the key values obtained from the tensile test
can be used as guidelines in the determination of the initial fatigue stress amplitude, which
should be slightly higher than the yield stress.

3.3. Fatigue Testing Results

The fatigue (S-N) curves, as shown in Figure 5, are plotted based on the empirical
arbitrary exponential formula [17] as described in Equation (1):

_ aexp(—log N)

b2 +c. 1

a

where o, is the stress amplitude, N is the number of cycles, a, b, and c are constants.
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Figure 5. Fatigue S-N curves of AZ91-C and AZ91 at different temperatures.

Table 2 presents the constants obtained by fitting the fatigue curves at varying tem-
peratures. The fatigue strength is calculated by the description of the curve as the fatigue
stress at the attainable life (N = 107 cycles). For further details, the fatigue strength and the
value of the different fitting parameters are given in Table 2.

Table 2. The fitting parameters of the S-N fatigue curves of unreinforced AZ91 and AZ91-C together
with their fatigue strengths at N = 107 cycles.

. No. of T Standard Fatigue Strength (MPa)
Specimen Experiments “Q) a b ¢ Max. Dev. Error, 12 at N =107
AZ91 16 250 100 2.72 37 0.976 0.961 37
16 20 150 3.42 68.7 8.16 0989 71.2
AZ91-C
17 250 128 3.90 50 3.79 0.995 55

The S-N fatigue curve fitting parameters at the test conditions are listed in Table 2. The
fatigue strength can be estimated from the curve fitting as the fatigue stress at the highest
attained fatigue life (N = 107 cycles). In addition, the fatigue resistance information is also
provided in Table 2. The effect of reinforcement on fatigue strength can be judged at 250 °C.
A percentage improvement in fatigue strength of about 92% was attained at 250 °C at the
fatigue testing limit (at N = 10 cycles). As the aimed application of this material is at high
temperatures, such as pistons for trucks, the reinforced material was tested at both room
temperature and at 250 °C to evaluate the stability of this material at high temperatures.
Even though the fatigue strength values in both the AZ91 reinforced and unreinforced
alloys are low, the results obtained are still better than those experienced by the AE42 alloy
and its composites [17]. There is an interesting phenomenon in the results obtained with
the magnesium alloy composite (AZ91-C) in the present study, if compared with other
aluminum alloys as reported in [47], where the fatigue strength of the AA6061 alloy was
100 MPa at room temperature and 107 cycles. Moreover, the fatigue strength of the AE42
alloy composite (AE42-C) was only 70.5 MPa under the same test conditions [17].
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Figure 6 shows examples of the fatigue hysteresis loops at 250 °C under a strain ampli-
tude of ¢, = 0.02 for the matrix alloy AZ91 (Figure 6a) and the composite material AZ91-C
(Figure 6b). Figure 6a shows the three individual hysteresis loops of the unreinforced alloy
AZ91 at 250 °C under a strain amplitude of e, = 0.02. There is some material softening after
several cycles of 670. Softening can be noticed when decreasing the attained stress at the
applied strain amplitude due to the high testing temperature. Applying the same strain
amplitude on the reinforced AZ91-C materials (Figure 6b) shows a higher stress level that
is nearly double of that which appeared for the unreinforced AZ91. And the fracture takes
place very fast, after only three cycles.

a i : | b
Matrix (AZ91) /250 °C | ; AL 202C Vi,
= Ny= 690 Cylces : b e Np=3 Cycles o B
=51 : 22| soltenmng [ r 3
= 100 [e=002"" }ﬁ?«l : 100 f£,=0.02--: gy /
. 1 /7
5 : ;3
8 P ~ 77 7
E 0 " S 0
i .
5 F o
2 " :
g —100 R - i R O T - 100
& . o B i B
2 1
, 1 o 300 | F
-0.04 -=0.02 0 0.02 0.04 —-0.04 -=0.02 0 0.02 0.04

Cyeclic strain range, Ag (--) Cyelic strain range, Ag (--)
Figure 6. Hysteresis loops at 250 °C under strain amplitude of ¢, = 0.02 for (a) the matrix alloy AZ91
(b) and the composite material AZ91-C.

Cyclic straining of AZ91 at 250 °C (0.56 Tr) with a strain amplitude of &, = 0.02
resulted in cyclic softening affected by material recrystallization at this high temperature.
Similar cyclic softening accompanied with a decrease in life has been detected on LCF
testing of cast AZ91 at temperatures higher than 200 °C [48]. Such behavior is noted
to decease the material’s fatigue strength. Some of the reasons related to this softening
are grain boundary sliding, formation of discontinuous precipitates, and softening of the
-Mgl17Al12 phase at elevated temperatures [48].

3.4. Fractography (SEM)

Figure 7 presents the fatigue fracture features of an unreinforced AZ91 fatigue speci-
men at a temperature of 250 °C, a stress amplitude of 41 MPa, and a fatigue life of 5.4 x 10°
cycles. By observing the fatigue fracture, it can be seen that the formation of fine serrations
dominates almost all parts of the unreinforced AZ91 fatigue fracture surface in the HCF
range and has a low stress amplitude of 41 MPa at 250 °C. The formation of fine serrations
is caused by serration flow, which is closely related to dynamic strain aging (DSA). It has
been explained by McCormick [49] that this dynamic strain aging occurs when the forest
dislocation successfully restrains the movement of the dislocation, and finally, the solute
atoms undergo diffusion towards the restrained dislocation. This phenomenon promotes
an increase in the flow stress enhanced by the hindering factor of dislocation movement.
Under some conditions, the restrained dislocation may release itself from the atmospheric
environment of the solute when the flow stress successfully reaches its critical value. For
this reason, a lower stress is required to evacuate the dislocation so that it returns to the
following dislocation forest [49-51]. It was further found that the relationship between
the serrated flow and the dynamic strain aging was induced by the factor of excess mag-
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nesium [52,53]. This serrated flow could also result from the repeated dynamic effects of
pinning and unpinning [54,55]. It is also suggested that the serrations are formed due to
the competition between the precipitate displacement caused by the dislocations and the
dynamic strain aging [50,55].

10 um Signal A = SE1 500 X 25.00 kV

Figure 7. Fatigue fracture features of fractured fatigue specimen of the unreinforced AZ91 at 250 °C,
stress amplitude of 41 MPa, and fatigue life of 5.4 x 10° cycles.

Figure 8 exhibits the perspicuous fatigue serrations and flattened areas by hammering
the mating surfaces on an unreinforced AZ91 fatigue fracture specimen at 250 °C with a
stress amplitude of 41 MPa and a fatigue life of 5.4 x 10° cycles. From the appearance of
the fatigue fracture, two different contrast areas are evident. There is an area consisting of
fatigue serrations that remain in their undamaged condition at the center, to the right of the
fatigue fracture surface. On the other hand, there is also a small portion on the left side of
the fatigue fracture surface that has evolved to be flattened due to the hammering of the
opposite specimen’s surface for the fatigue fracture surface in the unreinforced AZ91 [56]. If
the flattened surface is further observed, cracks can be seen spanning the fatigue fracture’s
surface. The cracks cooperate with multiple grains on fatigue loading, producing a large
reverse plastic zone. This eventually induces the synchronized creation of planar slip bands
on multiple grains leading to a flattened crack [57].
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Figure 8. Perspicuous fatigue serrations and flattened areas by hammering the mating surfaces on an
unreinforced AZ91 fatigue fracture specimen at 250 °C, stress amplitude of 41 MPa, and fatigue life
of 5.4 x 10° cycles.

Figure 9 shows a magnified view of the unreinforced AZ91 fatigue specimen fracture
surface at 250 °C, supplemented with EDS analysis of the ductile region with multiple
dimples and cleavage surfaces containing cracks, indicating the brittle region. From the
fatigue fracture surface, it is possible to distinguish ductile areas containing some dimples
and brittle areas containing cleavages decorated with cracks. Crack initiation generally
occurs in the softer region, referring to the ductile region, due to continuous cyclic loading.
As a result, the fatigue fracture surface explicitly shows cracks propagating over the ductile
fatigue serrations, which can be readily observed. Further examination of the ductile regions
containing dimples (as indicated in point b) using EDS showed that the Mg concentration
was very high, followed by the presence of Al in low concentrations. This means that the
ductile region contains poor Zn and Zn compounds, which confirms that Zn-containing
precipitates are not formed in the ductile region. In contrast, the EDS analysis of the brittle
region (indicated by point c) clearly reveals that the highest peak is dominated by Mg, and
there is an increase in Al concentration when compared to point B, but interestingly, Zn is
identified in the brittle region. As is known, Zn and Mg have an equal valence electron
number; this results in a very low concentration of electrons. Likewise, when viewed
in terms of the atomic radius between Zn and Mg, where the atomic radius of Zn has a
very close proximity to Mg, the presence of Zn can replace Mg atoms to encourage the
occurrence of precipitated phases in the form of intermetallic compounds in brittle areas.
The absence of Zn in the ductile region may refer to intermetallic Mg;7Al;, formation [58],
while at the brittle zone the phases formed are 1-Mg3;(Al,Zn)y9 and $-MgsAl,Zn; [59],
where it is affected by the presence of Zn and also Al in low concentrations. Additionally,
the cracks that appeared in the brittle area are the result of material decohesion occurring
in the Zn-rich intermetallic precipitate phases.
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Figure 9. EDX spectrum of the unreinforced AZ91 fatigued specimen at 250 °C (a) Higher magnifica-
tion, (b) EDX analysis spectrum of ductile regions with Zn-poor dimple, and (c) EDX spectrum on
cleavage fracture with cracks at the Zn-containing region.

Figure 10 shows the features of the composite AZ91-C fatigue-fractured test sample at
20 °C. There is an observable phenomenon where the area consisting of fatigue serrations
appears to be split due to cracks propagating in the perpendicular direction of the metal
connection between the carbon fibers, so that the fatigue serrations appear to be separated,
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as specified in Figure 10. In addition, the presence of considerable dimple features under
the fatigue serrations indicates the presence of large plastic deformation in the reinforced
AZ91 sample [60]. Carbon fiber breaks are also seen located adjacent to the dimples. This
can be understood due to the brittle nature of carbon fiber, which indicates its inability to
respond to the deformation of the matrix material.

Fatigue
serratigns

Dimples

/ C-fibers
~ fracture

| 2um | Signal A = SE1 6.00 KX 25.00 kV

Figure 10. The features of the reinforced AZ91 fatigue fracture specimen at room temperature.

Figure 11 shows the features of the reinforced AZ91 fatigue-fractured specimen at
150 °C. The beginning state of carbon fiber is that it is encased in a metallic material that
acts as a matrix bridge. However, being under continuous vibration stress causes crack
initiation, which undergoes crack growth and propagation at the metal joints between the
carbon fibers, resulting in fatigue fracture [17]. Then, a fractured metal joint is indicated by
the formation of dimple features at the separation of the ductile metallic junction of the
matrix alloy. There is a phenomenon of carbon detachment from the alloy matrix that causes
it to stand independently without any support. The brittle nature of carbon fiber leads to
fracture due to its inherent lack of response to the deformation of the matrix alloy. Li et al.
stated that metal matrix composites reinforced with continuous fibers usually fracture at
relatively low stress conditions without any damage found on the fiber surface after the
manufacturing process [61]. In metal matrix composites, the mechanical properties are not
only influenced by the constituents but, more importantly, the conditions between the fiber
and the matrix, known as the interface [62]. If the interface has low strength, cracks will
initiate in the brittle fibers which are more likely to shift and debond the fibers, leading to a
single fiber pull, which has the effect of reducing stress concentration [63]. In this study, the
fact that interface debonding prevailed under low stress conditions, as well as the ability of
carbon fibers to withstand load, was not completely followed by lower flexural strength. In
contrast to composites with moderate levels of interfacial strength, when micro-cracks start
on the brittle carbon fibers, they will propagate and then terminate at the interface, i.e., on
carbon fibers or a ductile matrix. Nevertheless, the main characteristic of composites with
moderate interfacial bond strength is the occurrence of broken fiber bonds [64].
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Figure 11. Fatigue fracture features of a fractured fatigue specimen of the reinforced AZ91 at 150 °C.

4. Conclusions

From the mechanical characterization of the unreinforced and reinforced AZ91 using
hardness and tensile testing as well as the fatigue tests conducted and the fractographic
investigations, the following conclusions have been drawn:

(1) The hardness value of the unreinforced AZ91 increased from 69.2 + 2 Hv to 111.53 + 4 Hv
for the reinforced AZ91-C;

(2) A clear improvement in yield stress was achieved at room temperature (108%); this
improvement changed to 73% and 64% at 150 °C and 250 °C, respectively. A relatively
lower improvement in the ultimate tensile strength was noticed, where the increase in
strength ranged between 30% and 64%;

(3) The fatigue strength at HCF range (over 107 cycles) at 250 °C for the AZ91 alloy was
37 MPa, while that for the reinforced AZ91-C reached 55 MPa. The reinforced AZ91-C
displayed higher fatigue strength (71.2 MPa) at room temperature;

(4) The hysteresis loops for the strain-controlled fatigue test of AZ91 at 250 °C showed
limited material softening;

(5) Diffused fatigue serrations with mixed ductile/brittle modes were observed on unre-
inforced AZ91’s fracture surface;

(6) Fiber fracture and fiber decohesion were noticed on the composite’s fracture surface
both under tensile and fatigue loads. The presence of fatigue serrations and regions
exhibiting restricted dimples was detected in metallic magnesium zones.
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